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Majorana fermions subject to the non-Abelian braid group are the basic ingredients of future topological
quantum computations. In this work, we propose to realize Majorana fermions in the Kitaev model by an electric
circuit based on the observation that the circuit Laplacian is taken to be equivalent to the Kitaev Hamiltonian.
We create an arbitrary number of topological segments in a Kitaev chain. A topological edge state emerges
as dictated by the bulk-edge correspondence, which we regard as a topological soliton intertwining a trivial
segment and a topological segment. We may call it an edge soliton. The position and the wave function of an
edge soliton is observable by the position and the phase of a peak in impedance measurement. We then introduce
a creation operator of an edge soliton. It is argued to be a Majorana fermion by examining the exchange statistics
with the aid of T-junction geometry of Kitaev chains. Thus, we obtain many-body Majorana-fermion states. The
Clifford quantum gates are constructed by braiding these edge solitons. The present scheme may well simulate
topological quantum computations based on electric circuits.
I. INTRODUCTION
The braiding relation plays a key role in future topo-
logical quantum computations1–7. Majorana-fermion edge
states emerging in topological superconductors are the
best candidate8–21. Examples are the px + ipy topolog-
ical superconductors19 and the Kitaev p-wave topological
superconductors8,18. However, an experimental realization of
braiding of Majorana fermions still remains challenging.
Various topological phases are known to be materialized
by electric circuits22–32 because the circuit Laplacian has the
same expression as the Hamiltonian when the circuit is ap-
propriately designed22,23, where the admittance corresponds
to the energy. Very recently, we have generated Majoranalike
corner states akin to those in topological superconductors and
shown that the braiding of these Majoranalike corner states is
possible in electric circuits33. Indeed, we have derived the re-
lation σ2 = −1, where σ denotes a single exchange of two
topological corner states. It indicates that a topological corner
state is an Ising anyon. Note that the relation σ2 = 1 holds
both for bosons and fermions. However, the single exchange
σ is impossible in this model. This is because the braiding is
controlled by an applied field and the direction of the field be-
comes opposite after a single braid. Another problem is that
it is not clear how to braid more than two topological corner
states.
In this paper, employing the electric-circuit realization of
the Kitaev model33, we generate N topological segments to-
gether withN pair of topological edge states in a Kitaev chain
made of electric circuits. We can regard a topological edge
state as a topological soliton because it intertwines two topo-
logically distinct segments. Let us call it an edge soliton when
we focus on the aspect of soliton. An edge soliton is observ-
able by an impedance peak.
Since an appropriately designed electric circuit is equiva-
lent to the Kitaev model at the Hamiltonian level, we may re-
formulate such an electric circuit as a lattice model. Then, an
operator can be defined so that it creates a soliton on a lattice
site. Exchange statistics of such creation operators is intrigu-
ing. For instance, a creation operator of a sine-Gordon soliton
is known to be a Thirring-fermion operator34,35. Remarkably,
a creation operator of an edge soliton in the Kitaev chain is a
Majorana-fermion operator. By carrying out braidings of edge
solitons with the use of T-junctions8,17 made of Kitaev chains,
they are shown to satisfy the anyonic braid relations. Hence,
we may use them to construct quantum gates.
The paper is composed as follows. In Sec. II, we focus
on a single topological segment together with a pair of edge
solitons. A pair of wave functions ~ψA and ~ψB are analytically
constructed. Each wave function is comprised of two sectors,
i.e., the electron sector and the hole sector. The hole sector is
the complex conjugate of the electron sector.
In Sec. III, we review the electric-circuit realization of the
Kitaev model. A circuit consists of two main wires, i.e., the
electron wire and the hole wire, corresponding to the electron
band and the hole band in the Kitaev model. It is shown that
an edge soliton is observable by an impedance peak both in
these two wires, whose phase agrees precisely with that of the
wave function ~ψA or ~ψB .
In Sec. IV and V, we introduce a creation operator of an
edge soliton, and investigate the exchange statistics by braid-
ing two edge solitons. By considering many topological seg-
ments as in Fig. 1, we introduce creation operators γ1, γ2, γ3,
· · · of edge solitons, leading to many-body states. It is argued
that γj is a Majorana-fermion operator.
In Sec. VI, we consider the symmetric and the antisymmet-
ric combinations of ~ψA and ~ψB , which we denote as ~ψ|0〉 and
~ψ|1〉. They are the wave functions of the one-qubit states, |0〉
and |1〉. We derive a one-qubit gate and a two-qubit gate aris-
ing from the exchange of two edge solitons across a topologi-
cal and a trivial segment, respectively. We explicitly construct
Clifford quantum gates based on them. Furthermore, we de-
rive the braiding relation.
In Section VII, we present explicit formulas for the electric-
circuit realization of the Kitaev model. In particular, we dis-
cuss the detailed structure of the topology-control unit (TCU)
and the phase-control unit (PCU). A TCU determines if a cer-
tain site belongs to a topological or trivial phase, while a PCU
controls the "superconducting phase" of a topology segment.
We also explain how to register and observe the qubit infor-
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2FIG. 1: We create a number of topological segments on a single Ki-
taev chain by controlling the chemical potential locally. A pair of
topological zero-energy states emerge at the edges of the j-th topo-
logical segment Tj (cyan). They are labelled as (γjA, γjB). We in-
vestigate two basic braids: (i) We braid two edge states γ1A and γ
1
B
across a topological segment, leading to a unitary operation in one
qubit. (ii) We braid two edge states γ1B and γ
2
A across a trivial seg-
ment, leading to a unitary operation in two qubits. For definiteness, it
is assumed that each topological segment contains m+ 1 sites while
each trivial segment containsm−1 sites. The site index is expressed
as x = 0, 1, 2, · · · . Edge states emerge at x = 0,m, 2m, · · · .
mation in the electric circuit. Section VIII is devoted to dis-
cussions.
II. KITAEV MODEL
The Bogoliubov-de Gennes Hamiltonian is written as
Hˆ(k) = Ψ†(k)H(k)Ψ(k), (1)
with the Nambu operator
Ψ(k) =
{
c(k), c†(k)
}
. (2)
It is customary to refer to H(k) also as the Hamiltonian.
The Hamiltonian H(k) may be regarded as a classical Hamil-
tonian, whereas Hˆ(k) is a second-quantized Hamiltonian.
Topological properties of the system are determined by the
property of the classical Hamiltonian H(k).
The Kitaev p-wave topological superconductor model is the
fundamental one-dimensional model hosting Majorana edge
states3,10,36,37. It is a two-band model whose Hamiltonian is
HK(k) =
1
2
(
εk i∆e
−iφ sin k
−i∆eiφ sin k −εk
)
, (3)
with
εk = −t cos k − µ, (4)
where t, µ, φ and ∆ represent the hopping amplitude, the
chemical potential, the superconducting phase and gap pa-
rameters, respectively. It is well known that the system is
topological for |µ| < |2t| and trivial for |µ| > |2t| irrespec-
tive of ∆ provided ∆ 6= 0. A pair of topological zero-energy
states emerges at the edges of a topological phase according to
the bulk-edge correspondence. They are protected by particle-
hole symmetry (PHS).
We consider a chain realizing the Kitaev model. A chain
need not be straight; it can bend or even branch off. We con-
trol the system parameters locally so as to generate several
topological segments with |µ| < |2t| sandwiched by trivial
segments with |µ| > |2t| as in Fig.1.
It is convenient to choose the parameters such that
∆ = t, µ = 0 (5)
to generate a topological segment, and
∆ = t, µ = 4t (6)
to generate a trivial segment. Then, we obtain analytical solu-
tions describing the zero-energy edge states as in Eqs.(14).
The Kitaev model (3) is reduced to
HyK(k) =
1
2
εkσz − 1
2
∆σy sin k (7)
for φ = 0, and
HxK(k) =
1
2
εkσz +
1
2
∆σx sin k. (8)
for φ = pi/2. In the present work, we use the HyK model
(7), where φ = 0. However, this phase degree of freedom
plays a key role when we braid two edge states. The system
parameters t, µ, φ and ∆ are locally controllable parameters
in the corresponding circuit Laplacian.
A. SSH model
To obtain analytic solutions of the zero-energy states, we
make a unitary transformation of the Kitaev model (3) as
H ′K (k) = UKHK (k)U
−1
K with
UK =
1√
2
( −ieiφ/2 ie−iφ/2
eiφ/2 e−iφ/2
)
, (9)
and obtain
H ′K (k) =
1
2
(
0 −iεk + ∆ sin k
iεk + ∆ sin k 0
)
. (10)
With the choice (5) of the parameters, it is simplified as
H ′K (k) =
1
2
(
0 ite−ik
−iteik 0
)
, (11)
which is identical to the SSH model,
HSSH =
(
0 ta + tbe
−ik
t∗a + t
∗
be
ik 0
)
, (12)
where ta = 0 and tb = it/2.
B. Zero-energy solution
We consider one topological segment containing m + 1
sites. The zero-energy solutions of the HSSH model (12) are
explicitly given in the coordinate space by
~ψ′A = (1, 0, · · · , 0) , ~ψ′B = (0, · · · , 0, 1) , (13)
3which are 2(m+ 1) component vectors.
By making the inverse unitary transformation, we obtain
the zero-energy solutions in the original Kitaev Hamiltonian
(3) as
~ψA = U
−1
K
~ψ′A
=
1√
2
(ie−iφ/2, 0, · · · , 0;−ieiφ/2, 0, · · · , 0),
~ψB = U
−1
K
~ψ′B
=
1√
2
(0, · · · , 0, e−iφ/2; 0, · · · , 0, eiφ/2), (14)
where φ is the superconducting phase in the Hamiltonian (3).
We refer to the first (last)m-components as the electron (hole)
sector in accord with the Nambu operator (2). It is seen that
~ψA and ~ψB are perfectly localized at the left edge and the
right edge, respectively. They are the wave functions of the
Majorana edge states in the Kitaev p-wave topological super-
conductor model.
III. ELECTRIC-CIRCUIT REALIZATION
We review how to realize the Kitaev model by an electric
circuit33. We use two main wires (red and blue) to represent a
two-band model as in Fig.2(a): One wire (i.e., electron wire)
consists of capacitors C in series, implementing the electron
band, while the other wire (i.e., hole wire) consists of induc-
tors L in series, implementing the hole band. The hopping
parameters are represented by capacitors C and inductors L,
which are opposite between the electron band and the hole
band. We then introduce pairing interactions between them,
by crosslinking the two main wires with the use of capacitors
CX and inductors LX , as shown in green in Fig.2(a). Each
site in the main wire is connected to the ground via an induc-
tor L0 or a capacitorC0 as shown in Fig.2(a). The use ofC0 in
the electron wire and L0 in the hole wire makes the segment
trivial, while the use of L0 in the electron wire and C0 in the
hole wire makes the segment topological.
It is convenient to simplify Fig.2(a) down to Fig.2(b), where
we have introduced subcircuits called the topology-control
unit (TCU) and the phase-control unit (PCU) explained in
Figs.2(c) and (d). When all TCUs are set on (off) in a segment,
the segment is in the topological (trivial) phase. A topologi-
cal edge state emerges at an edge site of a topological seg-
ment. By switching on a TCU attached to the adjacent site, a
topological edge state is shifted to the adjacent site. Namely,
we can move a topological edge state freely along a Kitaev
chain. In a braiding process of two edge states, as we ex-
plain in Sec.VII C, it is necessary to use the "superconducting
phase" φ present in the Kitaev model (3), which is controlled
with the use of PCUs.
FIG. 2: (a) A topological edge state emerges at the boundary between
a trivial and a topological segment. This Kitaev chain is simulated
by a set of two wires containing capacitors C (red) and inductors L
(blue), corresponding to the electron band and the hole band, respec-
tively. Each site is connected to the ground via a capacitor (C0) or
an inductor (L0) to realize trivial and topological segments as shown
in this figure. In the model with φ = 0, the two main wires are
crosslinked by a circuit composed of capacitors (CX ) and inductors
(LX ). (b) The same Kitaev chain is illustrated in terms of the TCU
(topology-control unit) and the PCU (phase-control unit) with φ = 0.
(c) Illustration of TCU. (d) Illustration of PCU at φ = 0.
A. Circuit Laplacian
Electric circuits are characterized by the Kirchhoff current
law22–24,
d
dt
Ia =
∑
b
Cab
d2
dt2
(Va − Vb) + 1
L0
Va
+
∑
b
1
Lab
(Va − Vb) + C0 d
2
dt2
Va, (15)
where Ia is the current between site a and the ground, Va is
the voltage at site a, Cab is the capacitance and Lab is the
inductance between sites a and b, and the sum is taken over
all adjacent sites b, while L0 is the inductance and C0 is the
capacitance between site a and the ground.
By making the Fourier transformation, Ia (t) = Ia (ω) eiωt
and Va (t) = Va (ω) eiωt, the Kirchhoff current law leads to
4the formula22,23,
Ia (ω) =
∑
b
iωCab (Va − Vb) + 1
iωL0
Va
+
∑
b
1
iωLab
(Va − Vb) + iωC0Va, (16)
which is summarized as
Ia (ω) =
∑
b
Jab (ω)Vb (ω) , (17)
where the sum is taken over all adjacent sites b. Here, Jab (ω)
is called the circuit Laplacian. It is observed in (16) that a
capacitor and an inductor contribute the terms proportional to
iωC and 1/(iωL) to the circuit Laplacian.
We equate the circuit Laplacian (73) with the classical Ki-
taev Hamiltonian (3),
Jab (ω) = iωHab (ω) . (18)
The relation between the parameters in the Kitaev model and
in the electric circuit are determined by this formula.
In general, the voltage is uniquely determined in terms of
the current by the Kirchhoff law (17). However, this is not the
case for the zero-energy sector, for which we obtain∑
b
Hab (ω) Ψb (ω) = 0, (19)
where we have identified the voltage function,
Ψ(ω) =
1√∑
a |Va|2
(· · · , V e0 , V e1 , · · · , V em, · · · ;
· · · , V h0 , V h1 , · · · , V hm, · · · ) (20)
as the wave function. Here, V e0 and V
e
m (V
h
0 and V
h
m) are
the voltages at the edges in the electron (hole) sector of the
topological segment T1 in the Kitaev chain in Fig.1.
B. Impedance peak
The emergence of a pair of topological edge states is ob-
served electrically by feeding an external current to the chain.
Since they are the zero-energy eigenstate of the Kitaev Hamil-
tonian and since the energy corresponds to the admittance,
their emergence is observable by peaks in the impedance. The
impedance between the a and b sites is given by24 Z(1)ab ≡
Va/Ib = Gab, where G is the Green function defined by the
inverse of the Laplacian J , G ≡ J−1.
First, we show the impedance Z(1)ab for a finite Kitaev chain
in a topological phase as a function of the site a, when a cur-
rent is injected from the site b at the center of the chain, as
shown in Fig.3(a). When b is on the even (odd) site, the
impedance takes the maximum at the left (right) side of the
chain as in Fig.3(b) and (c). We show the impedance at the
edge as a function of ω/ω0 for the topological and trivial
FIG. 3: Kitaev chain in the topological phase. When the current is
injected at the magenta (cyan) site b in (a), the impedance Zab is
given by a magenta (cyan) curve as a function of the site a in (b)
and (c). An impedance peak appears in Im[Zab] as indicated in (b)
and (c), when we take the site a in the electron wire and the hole
wire, respectively. The frequency is taken at the critical one ω0. (d)
Impedance is given as a function of ω/ω0. A huge peak appear at the
critical one in the topological phase (µ = 0). (e) There is no peak at
ω = ω0. in the trivial phase (µ = 4t). We have considered a Kitaev
chain containing 40 sites, and we have set ∆ = 0.9t.
phases in Fig.3(d) and (e). There is a strong resonance at the
critical frequency at ω = ω0 only for the topological phase,
showing the emergence of a zero-admittance state in the topo-
logical phase.
Next, we consider a Kitaev chain containing one topo-
logical segment sandwiched by two trivial segments. As in
Fig.4(a), we inject the current Ieiωt from the left-hand side of
the two main wires and subtract it from the right-hand side.
In Fig.4(b), we show the impedance of a finite Kitaev chain
as a function of the site a in the electron (hole) wire, which is
calculated by
Za = Va/I = GaL −GaR, (21)
where L denotes the left-most site in the electron (hole) wire
and R denotes the right-most site in the electron (hole) wire.
There are peaks at the edges of the topological segment. The
penetration depth is longer in the trivial phases than that in
the topological phase. In Fig.4(c), we show the angle of the
5FIG. 4: (a) Electric circuit for a Kitaev chain with a topological seg-
ment and two adjacent trivial segments. (b) Absolute value of the
impedance resonance at the critical frequency ω0, showing the emer-
gence of a pair of topological edge states in a Kitaev chain containing
40 sites. They are located at the site a = 11 and a = 30. We take
∆/t = 0.9 for illustration. The peaks become strictly localized for
∆/t = 1. (c) φ dependence of Arg[Z] for the edge state in the elec-
tron wire (magenta) and the hole wire (cyan).
impedance peak at the critical frequency, which is well fitted
by the lines
arg [Za (φ)] = log (Za/ |Za|) = ±1
2
φ (22)
for the electron wire (−) and the hole wire (+) at an edge
site. Thus, the "superconducting" phase φ is observable in the
electron wire (magenta) and the hole wire (cyan), as indicated
by the zero-energy solutions (14) of the Kitaev model.
IV. CREATION AND ANNIHILATION OF EDGE
SOLITONS
A zero-energy edge state emerges at the boundary between
the topological and trivial segments of a Kitaev chain. Such
a state is interpreted as a topological soliton because it is a
localized object and has a topological stability by intertwin-
ing two topologically different segments. We call it an edge
soliton when we focus on the aspect of soliton. A topolog-
ical soliton is such a classical solution that is indexed by a
topological number, which may be the difference between the
topological numbers differentiating two topological segments.
This is precisely the same as in the case of a sine-Gordon soli-
ton in the sine-Gordon model. Exchange statistic of topolog-
ical solitons is intriguing: A topological soliton in the classi-
cal sine-Gordon model has been argued34,35 to be a Thirring
fermion38. Similarly, we now argue that an edge soliton in the
Kitaev model behaves as if it is a Majorana-fermion. As we
shall see, it becomes a Majorana-fermion because the circuit
contains the electron wire and the hole wire.
We have obtained two zero-energy solutions (14), where
~ψA and ~ψB are perfectly localized at the left edge and the right
edge of a topological segment, respectively. They describe a
pair of edge solitons. As we have remarked, the Kitaev Hamil-
tonian (3) is equivalent to the circuit Laplacian (73). The
two systems are equivalent at the Hamiltonian level, and there
is one-to-one correspondence between the wave functions in
these two systems. The wave function is the voltage function
(20) in electric circuits. Consequently, edge solitons are mate-
rialized as impedance peaks in the electric circuit: See Figs.3
and 4.
Here, let us summarize key features of edge solitons.
(i) We start with the electric circuit with all TCUs being off,
which describes the Kitaev chain in the trivial phase.
(ii) We create N topological segments together with N
pairs of edge solitons by switching on the TCUs attached to
those segments.
(ii) A pair of edge solitons are observable by peaks in volt-
age or impedance both in the electron wire and the hole wire:
See Fig.4(c).
(iii) Two edge solitons cannot occupy a single site, which
means that they are subject to the exclusion principle.
(iv) We may move an edge freely by expanding or shrink-
ing a topological segment by switching on or off TCUs, which
means that we can flit an edge soliton from one site to a neigh-
boring site.
These properties of edge solitons allow us to introduce a
creation operator of one edge soliton. The wave function ~ψA
in Eqs.(14) implies that one edge soliton has a component with
phase ie−iφ/2 in the electron sector and a portion of phase
−ieiφ/2 in the hole sector at x = 0. It describes a creation of
an impedance peak carrying the corresponding phases in the
electron wire and the hole wire at site x = 0. Note that the
phase degrees of freedom is observable by impedance mea-
surement as in Fig.4(c). A similar creation operator is intro-
duced with respect to the edge soliton with the wave function
~ψB at x = m.
A. One topological segment
We define the creation operators γ†A and γ
†
B of the edge
solitons as
γ†A =
√
2~a† · ~ψA = ie−iφ/2a†0 − ieiφ/2b†0,
γ†B =
√
2~a† · ~ψB = e−iφ/2a†m + eiφ/2b†m, (23)
where ~ψA and ~ψB are the wave functions given by Eqs.(14),
and
~a† = (a†0, a
†
1, · · · , a†m; b†0, b†1, · · · , b†m). (24)
Here, a†x (b
†
x) creates an edge soliton in the electron (hole)
wire at x. It must be that a†2x = b
†2
x = 0 due to the exclusion
principle imposed on the edge soliton in each wire.
6Although it appears that γA is composed of 2(m+ 1) inde-
pendent components, this is not the case. The electric circuit
is designed to simulate the Kitaev model (3) precisely at the
Hamiltonian level, which originally contains the same infor-
mation in the electron and the hole sector related via complex
conjugation. Indeed, the wave function ~ψA and ~ψB described
by Eqs.(14) have this property. Consequently it should be that
b†j = aj , or
~a† = (a†0, a
†
1, · · · , a†m; a0, a1, · · · , am). (25)
Then, it follows from Eqs.(23) that γA = γ
†
A and γB = γ
†
B .
We rewrite Eqs.(23) as
γA = ie
−iφ/2a†0 − ieiφ/2a0,
γB = e
−iφ/2a†m + e
iφ/2am. (26)
Now, the exclusion principle indicates that there are only
two states at one site, i.e., whether an edge soliton is absent or
present at one site, which we denote |0〉 and |1〉, with a†x |0〉 =
|1〉 and ax |1〉 = |0〉. In the matrix form, these relations are
written in the form of
a†x
( |0〉
|1〉
)
=
(
0 1
0 0
)( |0〉
|1〉
)
, (27)
ax
( |0〉
|1〉
)
=
(
0 0
1 0
)( |0〉
|1〉
)
, (28)
which lead to
a†x =
(
0 1
0 0
)
, ax =
(
0 0
1 0
)
. (29)
We obtain the anticommutation relation, axa†x + a
†
xax = 1,
for an edge soliton in each wire, showing that it behaves as a
fermion. Consequently, we obtain γ2A = γ
2
B = 1.
However, we have no information on the commutation re-
lation between γA and γB , which is the exchange statistics of
edge solitons.
B. Many topological segments
We next study a Kitaev chain containingN topological seg-
ments. For definiteness each topological (trivial) segment is
assumed to be made of m + 1 (m− 1) sites, as in Fig.1. The
j-th topological segment produces two topological edge states
~ψA and ~ψB given by Eqs.(14). Then, we may introduce a set
of the Majorana operators as
γjA =
√
2~a†j · ~ψA, γjB =
√
2~a†j · ~ψB (30)
with
~a†j = (a
†
j′ , a
†
j′+1, · · · , a†j′+m; aj′ , aj′+1, · · · , aj′+m), (31)
where j′ = (2j − 2)m.
When we relabel the edge states as indicated in Fig.1, or
(γ1A, γ
1
B , γ
2
A, γ
2
B , · · · )→ (γ1, γ2, γ3, γ4, · · · ), (32)
FIG. 5: (a) Illustrations of an electric circuit for a T-junction in terms
of TCUs and PCUs. The horizontal part is essentially the same as the
one in Fig.2 except that it is entirely in the trivial phase. This circuit
is for the configurations in Fig.6(d) and (e), where the horizontal leg-
1 and leg-2 are trivial while the vertical leg-3 is topological.
it follows from the above arguments that
(γj)
2 = 1, (33)
for any j, because any edge soliton has components both in
the electron sector and the hole sector, and each component is
subject to the exclusion principle.
V. EXCHANGE STATISTICS
We investigate the exchange statistics of edge solitons.
However, we cannot exchange two edge solitons with the use
of a single chain. This problem has been solved by consider-
ing a T-junction8,17, as shown in Fig.6 and Fig.8. We consider
a T-junction with three legs (named 1, 2, and 3) made of Ki-
taev chains. We set φ = 0 in all legs.
A. T-junction
A T-junction may be designed in electric circuits as in Fig.5.
This circuit is for the configurations in Fig.6(d), where the
horizontal leg-1 and leg-2 are trivial while the vertical leg-3 is
topological. When all TCUs are set on, it is for the configura-
tions in Fig.8(d), where all three legs are topological.
7FIG. 6: Illustrations of a braiding process of the two edges across a topological segment (cyan) with the use of a T-junction. The two edges in
the initial configuration (a) are braided into those in the final configuration (i). Arrows→, ↑ and←, ↓ on the legs represent the phase φ = 0
and φ = pi, respectively. The phase is rotated from φ = 0 to φ = pi between (d) to (e), and from φ = pi to φ = 0 between (h) to (i). Long
arrows beside legs indicate the direction toward which an edge is moved.
FIG. 7: (a) Evolution of the LDOS as the two edges are braided
across a topological segment. The evolution is smooth. (b) Evolution
of the energy as a function of time. The zero-energy edge states
(red line) are well separated from the bulk states (blue curves) during
the braiding process. Each leg has five sites. Alphabets a,b, · · · , i
denotes the steps (a), (b), · · · , (i) of the braiding process in Fig.6.
During a braiding process, it is necessary to control φ con-
tinuously from φ = 0 to φ = pi to proceed from (d) to (e) in
Fig.6 and Fig.8. A similar control is necessary from (h) to (i)
in these figures. Such an operation is made possible by using
a rotary switch tuning variable parameters Rφ, CφX and L
φ
X
within a PCU according to the formula (88), as we discuss
later.
B. Braiding of two edges across a topological segment
We braid two edge solitons across a topological segment,
following the eight steps from (a) to (i) in Fig.6. First, we
prepare the initial state [Fig.6(a)], which consists of the two
horizontal leg-1 and leg-2 made topological and the vertical
leg-3 made trivial. Two edge solitons emerge at the left and
right hands of the horizontal line.
(1: a→b) We move the edge soliton on leg-2 toward the T-
junction, by making the topological segment on leg-2 shorter
with the use of a TCU electrically as we explain later: See
Sec. VII B.
(2: b→c) When the edge soliton reaches at the junction, we
turn the trivial segment on leg-2 topological one by one so that
the edge soliton moves upward with the use of a TCU.
(3: c→d) When leg-3 becomes topological entirely, we
move the edge soliton on leg-1 toward the T-junction with the
use of a TCU.
(4: d→e) When the edge soliton reaches at the junction, we
rotate the phase of leg-3 from φ = 0 to φ = pi. This process
is done by using a PCU electrically as we explain later: See
Sec. VII C.
(5: e→f) When the phase of leg-3 becomes φ = pi, we
move the edge solton move right on leg-2 with the use of a
TCU.
(6: f→g) When leg-2 becomes topological entirely, we
move the edge soliton on leg-3 downward with the use of a
TCU.
(7: g→h) When the edge soliton on leg-3 reaches at the
junction, we move it leftward on leg-1 with the use of a TCU.
(8: h→i) When leg-1 becomes topological entirely, we ro-
tate the phase of the trivial segment on leg-3 from φ = pi to
φ = 0 on leg-3 with the use of a PCU. As a result, the con-
figuration (i) is precisely the same as (a), although two edge
solitons are exchanged in Fig.6.
We show how the density of states (DOS) and the energy
evolve during the braiding process in Fig.7. It is confirmed
that the process proceeds smoothly and that the edge states at
zero energy are well separated from the bulk band.
We examine how the above processes affect the edge soli-
tons at x = 1 and x = m. There are two effects. (i) If the
edge soliton γA (γB) at x = 0 (m) were brought to x = m (0)
without changing the "superconducting phase" φ, we would
have
γA = ia
†
0 − ia0 → ia†m − iam,
γB = a
†
m + am → a†0 + a0, (34)
by setting φ = 0 in Eqs.(26), and then by exchanging the
indices 0 and m. (ii) Actually, by the phase change at the step
(4: d→e), the eigenfunctions (14) read
γA = a
†
0 + a0, γB = −ia†m + iam, (35)
by setting φ = pi in Eqs.(26). Note that the phase change at
the step (8: h→i) does not affect the edge solitons. Combining
these two effects, we obtain
γA → −γB , γB = γA, (36)
or
γAγB → −γBγA. (37)
This is the result of a single exchange of two edge solitons in a
topological segment. A double exchange implies γA → −γA,
γB = −γB , as expected. An edge soliton is an Ising anyon.
8FIG. 8: Illustrations of a braiding process of the two edges across a trivial segment (orange) with the use of a T-junction. See also the caption
of Fig.6.
FIG. 9: (a) Evolution of the LDOS as the two edges are braided
across a trivial segment. (b) Evolution of the energy as a function of
time. Each leg has ten sites. Alphabets a,b, · · · , i denotes the steps
(a), (b), · · · , (i) of the braiding process in Fig.8. See also the caption
of Fig.7.
C. Braiding of two edges across a trivial segment
We discuss the braiding of two edge solitons across a trivial
segment. The braiding process is similar to the previous case:
It occurs following nine steps from (a) to (i), as illustrated
in Fig.8. The configuration (i) is precisely the same as (a),
although two edge solitons are exchanged. A phase rotation
by pi occurs on a topological segment from Fig.8(d) to (e) with
a contributing to the wave function, and on a trivial segment
from Fig.8(h) to (i) with no contribution. We see in Fig.9 that
the braiding proceeds smoothly and that the edge states at zero
energy are well separated from the bulk band.
We examine how the above processes affect the edge soli-
tons. For definiteness we study the exchange of γ1B and γ
2
A in
Fig.1, or
γ1B = e
−iφ/2a†m + e
iφ/2am =
√
2~a†1 · ~ψB ,
γ2A = ie
−iφ/2a†2m − ieiφ/2a2m =
√
2~a†2 · ~ψA, (38)
with
~a†1 = (a
†
0, a
†
1, · · · , a†m; a0, a1, · · · , am),
~a†2 = (a
†
2m, a
†
2m+1, · · · , a†3m; a2m, a2m+1, · · · , a3m). (39)
There are two effects. (i) The edge soliton γ1B (γ
2
A) at x = m
(2m) is brought to x = 2m (m), which results in
γ1B = a
†
m + am → a†2m + a2m,
γ2A = ia
†
2m − ia2m → ia†m − iam, (40)
by setting φ = 0 in Eqs.(38), and then by exchanging indices
m and 2m. (ii) By the phase change at the step (4: d→e), the
eigenfunctions (14) read
γ1B = −ia†m + iam, γ2A = a†2m + a2m, (41)
by setting φ = pi in Eqs.(26). Note that the phase change at
the step (8: h→i) does not affect the edge solitons. Combining
these two effects, we obtain
γ1B → −γ2A, γ2A → γ1B , (42)
or
γ1Bγ
2
A → −γ2Aγ1B . (43)
This is the result of a single exchange of two edge solitons
across a topological segment.
D. Braiding operators
When we relabel the edge solitons as indicated in Fig.1, or
(γ1A, γ
1
B , γ
2
A, γ
2
B , · · · )→ (γ1, γ2, γ3, γ4, · · · ), (44)
we obtain from Eq.(37) and Eq.(43) that γjγj+1 = −γj+1γj .
By repeating the exchange of adjacent edge solitons, it is pos-
sible to generalize this result to γiγj = −γjγi, which we
combine with Eq.(33) to obtain
γiγj + γjγi = 2δij (45)
for any i and j. Furthermore, the braiding results (36) and
(42) are generalized to the braiding operations
Uij : γ
i → −γj , Uij : γj → γi, (46)
or
Uijγ
iU−1ij = γ
j , Uijγ
jU−1ij = −γi. (47)
Hence, the braiding operator is given by
Uij =
1√
2
(1 + γjγi) = exp[piγjγi/4], (48)
as agrees with the standard result19.
VI. QUBITS
A. One-qubit state and one-qubit gate
We have associated the operators γA and γB to the edge
solitons so that they create the wave functions ~ψA and ~ψB
given by Eqs.(14). Any linear combination of ~ψA and ~ψB is
9degenerate at zero energy. We construct a set of orthogonal
states ~ψ|0〉 and ~ψ|1〉 as(
~ψ|0〉
~ψ|1〉
)
=
1√
2
(
1 i
1 −i
)(
~ψA
~ψB
)
, (49)
or
~ψ|n〉 =
i
2
{e−iφ/2, · · · , 0, (−1)n e−iφ/2;
− eiφ/2, · · · , 0, (−1)n eiφ/2}, (50)
where n = 0, 1. Note that the wave function ~ψ|0〉 is symmetric
with respect to the change of the components at x = 0 and
x = m as far as the electron sector concerns, while ~ψ|1〉 is
antisymmetric.
We may associate the operators f and f
†
to these states by
f = ~a† · ~ψ|0〉 = (γA + iγB)/2,
f† = ~a† · ~ψ|1〉 = (γA − iγB)/2, (51)
with Eq.(25) for ~a†, or
γA = f + f
†, γB = i(f† − f). (52)
The one-qubit states, |0〉 and |1〉, are defined as the empty and
the occupied states with respect to fermion operator f ,
f |0〉 = 0, f†|1〉 = 0, f†|0〉 = |1〉, f |1〉 = |0〉. (53)
The set of states |0〉 and |1〉 constitutes one qubit for applica-
tion to topological quantum computers. It is to be remarked
that the wave function representation of |0〉 and |1〉 is given
by ~ψ|0〉 and ~ψ|1〉, respectively.
We recall that the braiding of two edge solitons across a
topological segment is given by U12 = (1 + γ2γ1)/
√
2 as in
(48), or
U12 =
1√
2
[1 + i(f†1 − f1)(f1 + f†1 )]. (54)
By operating this to one-qubit states, we find
U12 |0〉 = 1√
2
(1− i) |0〉 , U12 |1〉 = 1√
2
(1 + i) |1〉 .
(55)
Hence, we obtain
U12
( |0〉
|1〉
)
=
(
e−ipi/4 0
0 eipi/4
)( |0〉
|1〉
)
. (56)
The braiding acts as a phase-shift gate in the qubit representa-
tion. It follows that
U212 = −iσz, (57)
and hence U12 is proportional to the square root of the Z gate,
U12 =
√−i√σz, (58)
which is the
√
σZ gate16.
B. Multi-qubit state
One-qubit states |0〉j and |1〉j are similarly constructed for
the j-th topological segment with the use of
fj = (γ
j
A + iγ
j
B)/2, f
†
j = (γ
j
A − iγjB)/2, (59)
as in Eq.(53), or
fj |1〉j = |0〉j , f†j |0〉j = |1〉j . (60)
Two-qubit states are defined by
f1|00〉 = f2|00〉 = f†1 |11〉 = f†2 |11〉 = 0,
|10〉 = f†1 |00〉, |01〉 = f†2 |00〉, |11〉 = f†1f†2 |00〉. (61)
The many-body states are given by the direct product,
|n1n2 · · ·nN 〉 = |n1〉1 ⊗ |n2〉2 ⊗ · · · ⊗ |nN 〉N (62)
with nj = 0, 1. The degeneracy is 2N as in the case of the
Kitaev topological superconductor model.
We study the two-qubit states some in detail. The braiding
across a trivial segment is given by U23 = (1 + γ3γ2)/
√
2 as
in (48), or
U23 =
1√
2
[1 + i(f2 + f
†
2 )(f
†
1 − f1)]. (63)
By operating this to one-qubit states, we find
U23
 |00〉|01〉|10〉
|11〉
 = 1√
2
 1 0 0 −i0 1 −i 00 −i 1 0
−i 0 0 1

 |00〉|01〉|10〉
|11〉
 .
(64)
It follows that
U223 = iσx. (65)
The operation is a square root of the NOT gate, that is the√
σX gate16,
U23 =
√
i
√
σx. (66)
All these results are exactly the same as those in the two-qubit
operation based on Majorana fermions19.
C. Entangled states
We show that an entangle state is generated by a two-qubit
operation. For example, we have
U23 |00〉 = |00〉 − i |11〉 . (67)
This is an entangled state. Let us prove it. If it is not, the final
state should be a pure state and written as
U23 |00〉 = (α1 |0〉+ β1 |1〉)⊗ (α2 |0〉+ β2 |1〉)
= α1α2 |00〉+ α1β2 |01〉+ β1α2 |10〉+ β1β2 |11〉 .
(68)
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FIG. 10: Energy E/t as a function of ∆/t for a finite chain with
length 4. The two zero-energy states split and acquire nonzero energy
for t 6= ∆.
It follows from Eq.(67) that α1α2 6= 0 and β1β2 6= 0, and
hence α1α2β1β2 6= 0, which yields α1β2 6= 0 and β1α2 6=
0. This contradicts Eq.(67). Namely, an entangled state is
produced by a braiding of two edge solitons across a trivial
segment.
D. Braiding relations
We explore the braiding relations. By using the formula
(48), it is straightforward to check that
Uj−1,jUj,j+1Uj−1,j = Uj,j+1Uj−1,jUj,j+1,
Uj,j+1Uj′,j′+1 = Uj′,j′+1Uj,j+1 for |j − j′| ≥ 2,
Uj−1,jUj,j+1 6= Uj,j+1Uj−1,j , (69)
which are the braiding relations19.
E. Clifford gates
We have constructed the
√
σX and
√
σZ gates in Eq.(66)
and Eq.(58), respectively. The
√
σY gate is constructed by
their successive operations as
√
σY =
√
i
√
σX
√
σZ =
1√−iU23U12. (70)
These sets construct the Pauli gates. On the other hand, the
Hadamard gate is constructed by16
iU12U23U12 = iU23U12U23 =
1√
2
 1 0 0 10 −1 1 00 1 1 0
1 0 0 −1
 ,
(71)
because the set of |00〉 and |11〉 and the set of |01〉 and |10〉
are independent in the braiding operation.
F. Initialization
It is standard to start with the pure state |00 · · · 0〉 to carry
out quantum computation. Such a pure state can be pre-
pared as follows. We first tune the "superconducting" gap |∆|
slightly larger than the hopping amplitude |t|, |∆/t| > 1, in a
topological segment. Although the two-fold degeneracy of the
state |0〉 and the state |1〉 is intact in an infinitely long system
due to the PHS, it is broken in a finite system because there is
a mixing between the two edge states. The energy of the state
|0〉 becomes lower than that of the state |1〉, as numerically
shown in Fig.10 for a finite chain with length 4. Thus, we can
choose the state |0〉. By doing this setup for all topological
phases, we can construct the pure state |00 · · · 0〉.
VII. ELECTRIC-CIRCUIT REALIZATION (REVISITED)
We have explained how to simulate the Kitaev chain by
an electric circuit in Sec. III. In this section we construct
the circuit Laplacians explicitly for the topological and triv-
ial phases.
A. Topological and trivial phases
The Kirchhoff current law (16) is summarized as Eq.(17),
or
Ia (ω) =
∑
b
Jab (ω)Vb (ω) , (72)
where the circuit Laplacian Jab (ω) is expressed as
J =
(
h1 g1
g2 h2
)
. (73)
We study Jab explicitly in what follows.
We first study the circuit given in the right-hand side of
Fig.2(b). We shall show that it describes the topological
phase. Analyzing the Kirchhoff current law for the circuit,
we obtain33
h1 = −2C cos k + 2C − (ω2L0)−1,
h2 = 2(ω
2L)−1 cos k − 2(ω2L)−1 + C0, (74)
and
g1 = −CXeik + (ω2LX)−1e−ik,
g2 = (ω
2LX)
−1eik − CXe−ik. (75)
We make the following observation. (i) Capacitors and induc-
tors on the main two wires appear in the diagonal elements h1
and h2. (ii) Those attached to the ground appear also appear
in h1 and h2. (iii) Those in the pairing interactions appear in
the off-diagonal elements g1 and g2.
In identifying the circuit Laplacian with the Kitaev Hamil-
tonian as in Eq.(18), it is necessary to require
ω0 ≡ 1/
√
LC = 1/
√
L0C0 = 1/
√
LXCX (76)
for PHS to hold for the circuit. At ω = ω0, the circuit Lapla-
cian (73) is reduced to
J = [2C(1− cos k)− C0]σz + 2CXσy sin k. (77)
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It follows from Eq.(18) that
t = −C, µ = −2C + C0, ∆ = CX . (78)
The parameters charactering the Kitaev model (3) are deter-
mined by these equations in terms of electric elements for the
right-hand side of Fig.2(b). The system is topological since
|µ| < |2t| is satisfied.
Next we study the critical point. When the capacitors C0
and the inductors L0 connected to the ground are removed,
the circuit Laplacian reads
J = 2C(1− cos k)σz + 2CXσy sin k, (79)
which is given by setting C0 = 0 in Eq.(77). Then, Eqs.(74)
are modified as
h1 = −2C cos k + 2C,
h2 = 2(ω
2
0L)
−1 cos k − 2(ω20L)−1, (80)
by setting C0 = 0 and L0 →∞. Then, the chemical potential
is given by
µ = −2C. (81)
The system is precisely at the topological phase-transition
point |µ| = |2t|, since the condition µ = 2t is satisfied.
Finally, we study the circuit given in the left-hand side of
Fig.2(b), which is obtained by interchanging C0 and L0 in the
right-hand side of the same figure. The circuit Laplacian is
given by
J = [2C(1− cos k) + C0]σz + 2CXσy sin k, (82)
instead of Eqs.(77), and we obtain
h1 = −2C cos k + 2C + C0,
h2 = 2(ω
2
0L)
−1 cos k − 2(ω20L)−1 − (ω20L0)−1, (83)
instead of Eqs.(74). All other equations are unmodified except
that the chemical potential is given by
µ = −2C − C0. (84)
The system is in the trivial phase since |µ| > |2t| is satisfied.
B. TCU (topology-control unit)
We have shown that the topological (trivial) segment is re-
alized in the right-hand (left-hand) side of Fig.2(a). These two
segments are switched from one to another by interchanging
inductors L0 and capacitors C0. It is remarkable that we can
make a portion of the chain topological or trivial simply by
the interchange of L0 and C0. We have introduced the symbol
of TCU to represent this operation.
FIG. 11: Illustrations of a PCU. (a)∼(e) Structure of a PCU for var-
ious values of φ. It consists of capacitance CφX , inductance L
φ
X and
operational amplifiers RφX . Their values are given by Eq.(88) to pro-
duce the "superconducting" phase φ. (f) Structure of operational
amplifier30.
C. PCU (phase-control unit)
As we have stated, Fig.2(a) is for the Kitaev HyK model (7)
by setting φ = 0 in the Kitaev HK model (3). The phase
choice φ = 0 is made by the setting of the pairing interac-
tions between the two main wires shown in green in Fig.2(b).
We have made this point explicit in Fig.2(c) and (e), which is
equivalent to Fig.2(b), by introducing the symbol of PCU at
φ = 0. It is composed of the capacitor CX and the inductor
LX .
It is necessary to include the phase degree of freedom asso-
ciated with φ to make a braiding. We have considered the case
with φ = pi/2 in a previous work33, where we have used oper-
ational amplifiesRX . An operational amplifier is illustrated in
Fig.11(f), which acts as a negative impedance converter with
current inversion30. In the operational amplifier, the resistance
depends on the current flowing direction; RX for the forward
flow and−RX for the backward flow with the convention that
RX > 0.
We illustrate PCU at φ = 0, 0 < φ < pi/2, pi/2, pi/2 <
φ < pi and φ = pi in Fig.11(a)∼(e). We explain how the
circuit Laplacian and the electric circuit are modified for each
case. The structure of PCU is determined only by modifying
the pairing interactions between the two main wires. Hence,
the diagonal components h1 and h2 are not affected in the
circuit Laplacian (73).
(i) At φ = pi, PCU is shown in Fig.11(a). The capacitors
CX and the inductors LX are interchanged as compared with
that at φ = 0. The circuit Laplacian is given by replacing
Eqs.(75) with
g1 = (ω
2
0LX)
−1eik − CXe−ik,
g2 = −CXeik + (ω20LX)−1e−ik. (85)
(ii) At φ = pi/2, PCU is shown in Fig.11(c). The circuit
is constructed with the use of operational amplifiers only, and
12
the circuit Laplacian is given by
g1 = g2 = 2(ω0RX)
−1 sin k. (86)
(iii) For 0 ≤ φ ≤ pi/2, PCU is shown in Fig.11(b). It
is necessary to use CX , LX and RX as a function of φ to
generate the Kitaev model with φ. We study the case of the
topological phase explicitly. The circuit Laplacian is given by
replacing Eqs.(75) with
g1 = −CφXeik + (ω20LφX)−1e−ik + 2(ω0RφX)−1 sin k,
g2 = (ω
2
0L
φ
X)
−1eik − CφXe−ik + 2(ω0RφX)−1 sin k. (87)
By requiring Eqs.(76) and
CφX = CX |cosφ| , LφX =
LX
|cosφ| , R
φ
X =
RX
|sinφ| , (88)
the circuit Laplacian is reduced to
J = [2C(1− cos k)− C0]σz+2
(√
LC
RφX
σx + C
φ
Xσy
)
sin k.
(89)
Formulas (88) are valid for arbitrary φ. In particular, when
we set φ → 0, all these equations are reduced to those in
Sec.VII B. On the other hand, when we set φ→ pi/2, Eqs.(87)
are reduced to Eqs.(86). A similar analysis is made with re-
spect to the trivial phase.
(iv) For pi/2 ≤ φ ≤ pi, PCU is shown in Fig.11(d). We
study the topological phase explicitly. The circuit Laplacian
is given by replacing Eqs.(75) with
g1 = (ω
2
0L
φ
X)
−1eik − CφXe−ik + 2(ω0RφX)−1 sin k,
g2 = −CφXeik + (ω20LφX)−1e−ik + 2(ω0RφX)−1 sin k. (90)
The circuit Laplacian is reduced to
J = [2C(1− cos k)− C0]σz+2
(√
LC
RφX
σx − CφXσy
)
sin k,
(91)
by requiring Eqs.(88). We note that, when we set φ → pi/2,
Eqs.(90) are reduced to Eqs.(86).
Consequently, when we use CφX , L
φ
X and R
φ
X defined by
Eqs.(88) within PCU, the Kitaev model with arbitrary φ is
realized in electric circuits.
D. LC resonator as information storage
The emergence of an edge state is observed by an
impedance peak when a current Ieiωt is injected. However,
in performing a braiding operation, we should not inject any
external current since it may affect the phase of the voltage
externally. We wonder how to register and observe the qubit
information in electric circuits.
It is possible to store the qubit information in LC resonators,
which are to be inserted to the Kitaev chain, as illustrated in
Fig.12. An LC resonator is described by the Kirchhoff law,
FIG. 12: We attach an LC resonator to each site to register the phase
of voltage. We drive them at the edge points of a topological segment
by feeding a DC voltage.
IC + IV = 0, IC = C0
dVC
dt
, VL = L0
dIL
dt
, (92)
which amount to
d2I
dtt
+ ω20I = 0 (93)
at the critical frequency ω0 = 1/
√
L0C0. The solution is
given by
I = I0 sin (ω0t+ θ0) , V = V0 cos (ω0t+ θ0) , (94)
where θ0 is an initial phase at t = 0. In the Fourier form, the
contribution of the LC resonator to the circuit Laplacian (73)
is given by
J = iω0C0 +
1
iω0L0
= 0 (95)
at the critical frequency. Hence, the edge states are not af-
fected by the insertion of the LC resonator.
Furthermore, because the impedance diverges at the edge
states, there is a perfect reflection at the edge states. Thus,
even when we activate an LC resonator connected with an
edge state, the current circularly loops only within the LC res-
onator. Nevertheless, the voltage of an edge state is naturally
the same as that of an LC resonator.
We consider a pair of LC resonators attached to the right
and left edges of one topological segment. Let us choose the
phase of the voltage such as (θA, θB) = (0, 0) or (0, pi) in the
electron wire. Substituting these into Eq.(94) we obtain
V (θA, θB) =
iV0 cos (ω0t)
2
× (1, 0, · · · , 0, (−1)n ;−1, 0, · · · , 0, (−1)n),
(96)
where n = 0 for (θA, θB) = (0, 0), or n = 1 for (θA, θB) =
(0, pi). After normalization, we obtain
~ψ|n〉 =
i
2
(1, 0, · · · , 0, (−1)n ;−1, 0, · · · , 0, (−1)n), (97)
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FIG. 13: Non-Abelian braiding of Majorana states deposited on a
square network. Topological segments (cyan) are created on hori-
zontal parallel Kitaev chains, which are connected by vertical paral-
lel Kitaev chains. A crossroads may be used as a T-junction for two
edges to braid. In this example two edges A (in red) and B (in blue)
on different parallel chains are braided by following the steps (a), (b),
(c) and (d).
which agrees with the wave function (50) at φ = 0 for the one-
qubit states |0〉 and |1〉. Hence, one-qubit information can be
registered in a pair of resonators as the in-phase state |0〉 or
the opposite-phase state |1〉.
When a Kitaev chain contains N topological segments, we
obtain N pieces of independent one-qubits. An N -qubit state
is described as |n1n2 · · ·nN 〉 = |n1〉1⊗ |n2〉2⊗ · · ·⊗ |nN 〉N
with nj = 0, 1 as in Eq.(62), where the qubit information is
stored as the in-phase state |0〉j and the opposite-phase state
|1〉j in the LC resonators associated to the j-th topological
segment.
We consider the braiding of two edges of one topological
segment, which is represented by the unitary operator (56), or
U12|0〉 7→ e−ipi/4|0〉, U12|1〉 7→ eipi/4|1〉. (98)
These results are observed electrically as a phase shift in the
voltage at the electron wire,
(eiω0t, eiω0t) 7→ (eiω0t−ipi/4, eiω0t−ipi/4) (99)
for U12|0〉, and
(eiω0t,−eiω0t) 7→ (eiω0t+ipi/4,−eiω0t+ipi/4) (100)
for U12|1〉. We may similarly discuss the two-qubit operation
associated with the braiding of the two edge states across a
trivial segment. The change of phase shift is registered in a
set of LC resonators. We can read the qubit information from
a set of resonators after all braidings are over.
VIII. DISCUSSIONS
We have explored the physics associated with topological
edge states in an electric circuit whose circuit Laplacian is
equivalent to the Hamiltonian for the Kitaev p-wave super-
conductor. The contains two main wires (electron and hole
FIG. 14: Evolution of the energy as a function of time, (a) without
any randomness (0%), and (b) with 10% randomness on the on-site
potential. Figure (a) is the same as Fig.7(b). The energy of the edge
states (in red) are found to slightly deviate from zero by randomness
in (b).
wires) corresponding to the electron and hole bands. The po-
sition and the phase of an edge soliton are externally con-
trolled by TCUs and PCUs, respectively, and observable by
an impedance peak. By regarding it as an edge soliton, we
have defined a creation operator of a soliton. Because an edge
soliton is subject to the exclusion principle both in the elec-
tron and the hole wire, we have argued that an edge soliton
behaves as if it were a Majorana fermion in the Kitaev p-wave
superconductor.
The braiding of edge states is performed with the aid of T-
junction. In particular, we have derived the one-qubit (two-
qubit) gate resulting from the braiding of two edge states
across a topological (trivial) segment. The results agree pre-
cisely with those obtained based on Majorana fermions in su-
perconducting systems. Consequently, quantum gates based
on our electric circuits will be entirely equivalent to the stan-
dard quantum gates based on Majorana fermions. A merit of
electric circuit realization is that we can exactly set the criti-
cal point t = ∆, which is practically impossible in topological
superconductors. Recall that the edge states are exactly local-
ized when t = ∆.
By generalizing a one-dimensional array of the T-junctions
to the two dimensions, it becomes possible to braid edge states
on a square lattice, which is illustrated in Fig.13. In the same
way, we can generalize them to the three dimensions, where
edge states are deposited on a cube.
We have shown that quantum gates are constructed in elec-
tric circuits provided PHS is intact. In actual electric circuits,
PHS will be broken weakly due to the randomness, which acts
as the on-site potential randomness. We show the energy spec-
trum evolution in the presence of the 10% on-site potential
randomness in Fig.14. Although the edge states acquire slight
non-zero values, they are well separated from the bulk spec-
trum. They evolve smoothly as a function of time since the
randomness is solely determined by sample elements which
are fixed during time evolution. Furthermore, it is possible to
make fine tuning of sample elements in the electric circuit for
a practical degeneracy of edge states. We should mention that,
once fine tuning is made, we can use it for good.
Some ingenuity might be necessary in actual implemen-
tation of integrated circuits. Varactor (variable capacitance
diode) will be useful to control the capacitance29. Inductors
may be displaced by simulated inductors39 with the use of op-
14
erational amplifiers. Our results could be a basis of future
topological quantum computations based on electric circuits.
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